Previous studies in adrenalectomized (Adx) rats suggest that aldosterone may regulate ion transport in the ascending portion of Henle's loop. In order to examine directly the effect of adrenalectomy on transport, medullary thick ascending limb (Mtal) segments were isolated from Adx, Adx replaced with aldosterone (Adx + Ald, 0.5 &g* 100 g* body wt * d), and control Sprague-Dawley rats. Both net sodium and net chloride fluxes were significantly less in the Mtal segments from Adx rats compared with those in the control or Adx + Ald group. Physiologic levels of exogenous aldosterone increased net sodium chloride flux toward control values in the Adx + Ald group. Net potassium flux was not different among the three groups. We conclude that adrenalectomy impairs reabsorptive NaCl but not K transport in the Mtal, and that aldosterone restores this process. This reabsorptive defect may contribute to the urinary concentrating and diluting abnormality associated with adrenal insufficiency.
Introduction
It is generally agreed that a primary site of action of aldosterone is in the collecting duct. Recently, biochemical and functional evidence has accumulated that suggests the loop of Henle may also be an important target site for aldosterone.
Horster and co-workers demonstrated that adrenalectomy caused a decrease in Na-K-ATPase in both thick ascending limb and collecting duct of rabbits (1) . Aldosterone, when added in vitro to these nephron segments, restored Na-KATPase activity to normal within 1 h of incubation in both thick ascending limb and cortical collecting tubule. Marver and Lombard found that adrenalectomy reduced citrate synthase activity, a mitochondrial enzyme, in the medullary thick ascending limb. Moreover, acute administration ofaldosterone returned activity to normal (2) . Farman and Bonvalet have investigated specific aldosterone binding by the renal tubule of adrenalectomized rats (3) . In these studies, the cortical collecting tubule was the more specific aldosterone target segment, but, significant aldosterone binding was demonstrated throughout the loop of Henle including the medullary thick ascending limb.
An effect of aldosterone on sodium chloride reabsorption by the loop of Henle has been found in adrenalectomized rats using both free flow micropuncture and microperfusion techniques. In free-flow micropuncture studies by Hierholzer and co-workers, the distal tubule fluid-to-plasma (TF/P) sodium concentration was significantly higher in adrenalectomized rats than in intact rats (4) . In a recent study by Stanton using in vivo microperfusion of the loop segment, adrenalectomy inhibited sodium reabsorption in the superficial loop of Henle; exogenous aldosterone replacement returned sodium transport to control levels (5) . These biochemical studies demonstrating specific aldosterone binding in the thick ascending limb of the loop of Henle and functional studies revealing a defect in sodium chloride transport in the thick ascending limb in adrenalectomized rats, suggest that aldosterone plays an important role in regulating sodium chloride transport in this segment ofthe nephron. The purpose of this study was to examine directly the effect of aldosterone on sodium chloride transport in the thick ascending limb.
Methods
Animals. The experiments were conducted using medullary thick ascending limb segments dissected from kidneys of barrier-maintained male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 60-125 g. The rats were housed in individual sterilized cages with filter covers and fed sterilized standard rat chow. Three groups of animals were studied: control rats with intact adrenal glands drinking tap water ad lib., adrenalectomized rats, and adrenalectomized rats administered exogenous aldosterone. Both groups of adrenalectomized rats were given 0.9% NaCl to drink ad lib. instead ofwater. The adrenalectomized rats were obtained from the same supplier and kept for at least 4 d before experimentation to allow endogenous hormone levels and steroid-dependent transporters to decrease to basal values. The adrenalectomized rats replaced with aldosterone received the hormone by means of an osmotic minipump (Alzet; Alza Corp., Palo Alto, CA) at a rate of 0.5 ug/I00 g body wt per d. This replacement dose was shown in previous studies to result in plasma levels ofaldosterone similar to those measured in awake, unstressed rats fed the same diet (6, 7) . This group ofrats was kept for at least 4 d after implantation ofthe osmotic minipump (range, 4 to 6 d postimplantation ofosmotic minipump) to allow aldosterone-dependent transporters to increase to steady state levels.
In vitro isolatedperfused tubule studies. Rats were killed by decapitation immediately before dissection. Segments were isolated as previously described (8) . Briefly, both kidneys were removed, decapsulated, and sectioned into 4 tration of the i'th ion in the perfusion fluid (pmol * nl-'), Cl is the i'th concentration (pmol * nl-') in the collected fluid, V0 is the perfusion rate (nl * min-'), VI is the collection rate (nl * min-') and L is length of the tubule (mm). The mean value for each tubule sample was calculated from three to six measurements. Values for individual tubules were averaged to obtain the group means and to calculate the standard error of the mean.
To document the adequacy of aldosterone replacement, plasma aldosterone was measured in separate, identically treated groups of rats. Blood was collected from undisturbed, isolated animals by decapitation and plasma aldosterone was determined by radioimmunoassay (Coat-A-Count, Diagnostic Products, Los Angeles, CA).
To examine the effect of the short term exogenous aldosterone replacement on glomerular filteration rate, inulin clearance was measured in separate, identically treated groups of adrenalectomized rats and adrenalectomized rats administered exogenous aldosterone. Briefly, rats were anesthetized with Inactin (Byk Gulden, Konstanz, W. Germany), 100 mg/kg body wt i.p. and a tracheostomy tube was inserted to ensure adequate ventilation. Body temperature was maintained at 380C throughout the clearance study. The right femoral artery and right external jugular vein were cannulated for the withdrawal of blood and the infusion of inulin, respectively. A bladder catheter was inserted to allow complete collection of urine. After a priming dose of tritiated inulin (New England Nuclear, Boston, MA) was given, a maintenance Ringer infusion containing sufficient isotope to provide 25 MCi/h was started at a rate of 1 ml/h. This was followed by an hour equilibration period prior to two 30-min urine collections. Blood samples were obtained at the initiation and at the end of the urine collections. Inulin concentrations in urine and plasma were determined in a scintillation counter and urine volume was determined gravimetrically. Inulin clearance was calculated by the standard method.
Significance was estimated using a one way analysis of variance. The criterion for statistical significance was P < 0.05. If there was a significant difference among means, the Scheffle test was used to evaluate the statistical significance between mean values (10).
Results
Plasma aldosterone levels for control (intact), adrenalectomized (Adx),' and adrenalectomized rats replaced with exogenous aldosterone (Adx + Aldo) are given in Table II . Plasma aldosterone was undetectable in the Adx group. The replacement dose of aldosterone used in the Adx + Aldo group resulted in plasma aldosterone levels similar to those measured in the adrenal-intact group. There was no significant difference in glomerular filtration rate as determined by inulin clearance between the adrenalectomized and the adrenalectomized rats replaced with exogenous aldosterone (Table III) . segments for all groups averaged 0.49±0.04 mm in length (mean±SEM). There was no significant difference in collection rate among the three groups: 10.7±2.1, 11.2±0.9, and 13.5±1.2 nl min-' for the Adx, Adx + Aldo, and intact groups, respectively. There was no significant fluid absorption by the tubules in any ofthe groups. Net chloride flux averaged -15% higher than net sodium flux. Both net fluxes were significantly less in the segments from adrenalectomized rats compared with those in the intact or Adx + Aldo group. Exogenous aldosterone treatment increased net sodium chloride flux toward control values (Table IV and Fig. 1 ). The transepithelial voltage was lumen-positive in all three groups but tended to be lower in the Adx group. However, only the Adx and the Adx + Aldo mean transepithelial voltages were significantly different (Table IV) .
In contrast, net potassium fluxes varied widely and were not different between groups (Table IV) .
Discussion
This study demonstrates directly that adrenalectomy impairs net sodium chloride absorption in the rat medullary thick as- cending limb and physiological levels ofaldosterone return net sodium chloride reabsorption toward normal. This reabsorptive defect in the medullary thick ascending limb may contribute to the impaired urinary concentrating and diluting ability (4) and to the salt wasting associated with adrenal insufficiency (1 1).
Previous observations suggest that aldosterone may regulate salt transport in the loop of Henle. To clarify why adrenal insufficiency impairs urinary dilution in the absence ofantidiuretic hormone, Green and co-workers investigated the response to a water load in Brattleboro rats, a strain with hereditary hypothalamic diabetes insipidus (12) . After adrenalec- tomy, the rats were studied before and after mineralocorticoid or glucocorticoid replacement. Replacement of glucocorticoid alone fully restored the rats' capacity to excrete a water load but not their ability to maximally dilute the urine. Replacement of mineralocorticoid alone completely restored the diluting capacity, but not the capacity to excrete a water load; replacement of both steroids normalized both responses. These findings are consistent with the thesis that in the absence of aldosterone less sodium chloride is reabsorbed in the thick ascending limb so that less free water is generated. The binding of aldosterone to its specific receptor in the tubule has been examined recently by Farmen and Bonvalet in the rat kidney (3) . Although the cortical collecting tubule exhibited the highest specific nuclear labeling, significant specific aldosterone binding was demonstrated throughout the loop of Henle including the thin descending limb, thin ascending limb, and the medullary and cortical thick ascending limb segments. Cooke and Steenburg demonstrated that aldosterone administration significantly increased tissue sodium and urea concentrations in the outer medulla and papilla in adrenalectomized dogs (I 1). This is consistent with enhancement of sodium chloride reabsorption in the thick ascending limb of the loop of Henle.
Several studies have examined the effect of adrenalectomy on sodium transport in vivo by micropuncture or by microperfusion of superficial loops of Henle. Adrenalectomy results in increased tubule fluid-to-plasma Na ratios in the early distal tubule (4, 5, 13) suggesting a defect in sodium reabsorption somewhere in the loop of Henle. Since the only segments that can lower the sodium concentration below that ofthe systemic plasma are the medullary and cortical thick ascending limbs, these findings suggest the impairment was in these segments. The results of studies examining the effect of exogenous aldosterone replacement in adrenalectomized rats, however, have been variable. Cortney failed to find an effect of exogenous aldosterone on sodium transport in the loop of Henle of the adrenalectomized rat (14) . Murayama and co-workers could demonstrate normalization of sodium transport in the loop but only if cortisol was administered with aldosterone (13) . Recently, Stanton has utilized in vivo microperfusion of the superficial loop segment to examine sodium transport by the loop of Henle (5). He found that physiological aldosterone replacement alone in the adrenalectomized rat restored sodium transport to normal. Possible explanations for the discordance in findings between the earlier studies (13, 14) and that by Stanton include alterations in glomerular filtration rate (GFR), tubule fluid flow rate, and solute delivery to the loop of Henle caused by adrenalectomy that were not controlled in the earlier studies. One advantage of the in vitro microperfusion technique employed in the present study is that these variables are all eliminated, which allows the effect of aldosterone on sodium chloride transport in the medullary thick ascending limb to become manifest.
Although the in vitro microperfusion technique eliminates several potential confounding variables, the augmentation in sodium chloride transport rate observed in the Adx + Aldo group could be an indirect effect of aldosterone secondary to an in vivo "conditioning effect" not seen in the Adx group. An increase in NaCI load to the medullary thick ascending limb secondary to an increase in GRF would represent such a conditioning effect, which could result in load-dependent increases in Na-K-ATPase activity in this segment. This in turn could cause the observed increase in the in vitro NaCl transport rate. However, GFR was not different with or without short term exogenous aldosterone replacement (Table III) . Stanton and co-workers also found that short-term, physiologic replacement of aldosterone in adrenalectomized rats did not alter GFR (7) . Thus, the increase in sodium chloride transport appears to be a direct effect of aldosterone on the medullary thick ascending limb.
Impairment (17, 18) . Thus, one might expect that impairment of sodium chloride transport in the medullary thick ascending limb by adrenalectomy, would also affect potassium transport. However, adrenalectomy did not alter net potassium transport. This incongruity may be explained by the recent observations of Hebert and collaborators that potassium is the principal conductive species in the apical membrane of the mouse medullary thick ascending limb (17) . Their findings support the view that the majority of potassium efflux from cell to lumen through the apical potassium conductive pathway is recycled into cells by the sodium, potassium, 2-chloride cotransporter (16) . Thus, adrenalectomy might be expected to reduce overall cycling of potassium across the apical membrane without changing net transepithelial potassium flux.
In summary, this study demonstrates that physiological levels of aldosterone modulate sodium chloride reabsorption in the medullary thick ascending limb. The reabsorptive defect in the medullary thick ascending limb caused by the lack of aldosterone may contribute to the urinary concentrating abnormality and the salt wasting associated with adrenal insufficiency.
